We show that despite the low anisotropy, strong vortex pinning, and high irreversibility field H irr close to the upper critical field H c2 of Ba͑Fe 1−x Co x ͒ 2 As 2 , the critical current density J gb across ͓001͔ tilt grain boundaries ͑GBs͒ of thin film Ba͑Fe 1−x Co x ͒ 2 As 2 bicrystals is strongly depressed, similar to high-T c cuprates. Our results suggest that weak-linked GBs are characteristic of both cuprates and pnictides because of competing orders, low carrier density, and unconventional pairing symmetry. © 2009 American Institute of Physics. ͓doi:10.1063/1.3262953͔
The current-blocking effect of grain boundaries ͑GBs͒ with misorientation angles Ͼ 3°-5°has seriously delayed applications of high T c cuprates, 1-3 requiring the development of the biaxially textured YBa 2 Cu 3 O 7−x ͑YBCO͒ conductors. 4, 5 The pnictide superconductors, which encompass broad families of materials with critical temperatures T c up to 55 K, H c2 ͑0͒ Ͼ 100 T, strong vortex pinning, moderate anisotropy = H c2 ͑c͒ / H c2 ͑ab͒ =1-8, and an irreversibility field H irr close to H c2 , are very promising for high-field applications, [6] [7] [8] [9] [10] leaving open one key question: Can GBs transmit current? Here we report the explicit study of this vital property, using extensive transport, magneto-optical ͑MO͒, low-temperature scanning laser microscopy ͑LTLSM͒, and high resolution transmission electron microscopy ͑HR-TEM͒ of Ba͑Fe 1−x Co x ͒ 2 As 2 ͑Ba-122͒ epitaxial thin-film bicrystals. We show a strong intrinsic current-blocking effect of GBs, across which the critical current density J b ͑͒ rapidly decreases as the misorientation angle between neighboring grains increases.
We grew epitaxial ϳ350 nm thick Ba-122 thin films in situ on ͓001͔ tilt ͑100͒ SrTiO 3 bicrystal substrates using pulsed laser deposition ͑PLD͒ with a KrF ͑248 nm͒ UV excimer laser in a vacuum of 2 Torr. The PLD target was prepared by solid state reaction with nominal composition of Ba: Fe: Co: As= 1 : 1.84: 0.16: 2.2. Four-circle x-ray diffraction showed excellent epitaxy with cube-on-cube, in-plane epitaxial relationship with the substrates. 11 The misorientation angles in the Ba-122 film were determined by off-axis azimuthal -scans of the 112 reflections and found to be 2.5°, 5.7°, 8.5°, and 24°͑hereafter approximated to 3°, 6°, 9°and 24°͒, identical to the SrTiO 3 bicrystal substrates. Epitaxial pnictide films have so far been hard to produce, especially the F and O doped highest T c RE1111 phase. Understanding GB properties in polycrystals has been compromised by their multiphase nature and complex microstructure. Significant intergranular transport across randomly misoriented grains of RE1111 bulks was deduced, but almost all GBs were coated with metallic FeAs phases, which mask the intrinsic GB properties. [12] [13] [14] [15] [16] Hiramatsu et al. 17 reported epitaxial Codoped Sr122 thin films grown on ͑001͒ ͑La, Sr͒͑Al, Ta͒O 3 substrates but no J c measurements. Figure 1 shows TEM images of a 24°bicrystal. The film is uniform in thickness over a large area, while the HRTEM image shows the ͑001͒ planes are well aligned across the GB. Figure 2 shows intergranular resistance curves R͑H , T͒ across a 6°͓001͔ tilt GB in fields up to 35 T. The resistive transitions are sharp, confirming the high quality of our bicrystal films. Moreover, the R͑T͒ curves remain narrow under strong fields indicating a low-T c depinning resistive transition with insignificant vortex fluctuations, unlike the thermally activated vortex dynamics in cuprates and Nd-1111 pnictides. 7 By contrast, Fig. 2 shows that H irr ͑T͒ defined by
Electronic mail: jjiang@asc.magnet.fsu.edu. = 0.9R n ͑T c ͒, as in previous studies of 122 single crystals. [8] [9] [10] Here R n is the normal state resistance. H c2 ͑T͒ and H irr ͑T͒ are very similar for both grain and GB links.
Shown in Fig. 3 are representative LTLSM and MO images of 6°and 9°bicrystals, which demonstrate the significant current-blocking effect of even low-angle GBs. The LTLSM image of the electric field E of the transport current flowing through GB in Fig. 3͑a͒ shows a 23 times enhancement of E at the 6°͓001͔ tilt GB. The MO image in Fig. 3͑b͒ shows that the 9°͓001͔ tilt GB is also a strong obstacle for the magnetization currents, which make a nearly 90°turn at the GB because it can transmit only about 10% of the intragrain critical current.
We performed detailed studies of the grain and GB critical current densities J c ͑T , B͒ and J gb ͑T , B͒ for all the bicrystals in fields up to 16 T. Figure 4 shows that J gb ͑12 K, 0.5 T͒ falls off by an order of magnitude as increases from 3°to 24°. This qualitative behavior is similar to J gb ͑͒ for ͓001͔ tilt GBs in YBCO, as shown in the inset. Similar to YBCO, the 3°GB in Ba͑Fe 1−x Co x ͒ 2 As 2 does not obstruct supercurrent, while at higher angles J gb ͑͒ becomes much smaller than the grain J c . We do not yet have enough data in the crucial region of 9°Ͻ Ͻ 30°to conclude whether J gb ͑͒ drops exponentially as it does in cuprates, 1 but the fact that even low-angle GBs with Ͼ 6°do obstruct supercurrent in pnictides is quite clear.
The field dependence of J gb ͑T , H͒ shown in Fig. 5 exhibits characteristics typical of cuprate GB transport. At low fields, J gb ͑H͒ is smaller than the grain J c ͑H͒, but the difference between them diminishes as H increases, tending to make GBs lesser obstacles at higher fields. This behavior, well established for low-angle YBCO bicrystals is due to pinning of Abrikosov-Josephson vortices on GBs and their interaction with vortices in the grains. [18] [19] [20] The totality of our data unambiguously indicates that GBs in 122 pnictides exhibit current-limiting behavior similar to that observed in high-T c cuprates. The relative suppression of superconductivity at GBs is determined by the ratio, J gb ͑t͒ / J d ͑t͒ at the reduced temperature t = T / T c , where 10 Thus, the ratio J gb ͑t͒ / J d ͑t͒Ϸ5 ϫ 10 −4 for Ba͑Fe 1−x Co x ͒ 2 As 2 is the same order of magnitude as that for YBCO, suggesting that high angle GBs in pnictides can be regarded as Josephson weak links.
We now briefly discuss possible mechanisms underlying our results. Both for the d-wave cuprates and for multiband pnictides, GB crystalline disorder depresses superconducting properties because of the short coherence lengths, which result from their small Fermi velocities and low carrier densities. The values of ͑0͒Ϸ1 -2 nm extracted from H c2 measurements are indeed similar for cuprates and pnictides despite significant T c differences.
7-10 Depression of multiband superconductivity at GBs in pnictides could result from strong interband scattering by imperfect GB structural units in the chain of GB dislocation cores or by strain-or chargedriven Cottrell atmospheres of segregated impurities at the GB. 22, 23 Strong antiferromagnetic correlations in the Fe-As planes and GB impurity segregations may also induce local magnetic nanostructures, which would also contribute to the weak link behavior of GBs in pnictides. Given the strong coupling of the superconducting order parameters in different bands, 24 pairbreaking magnetic and nonmagnetic scattering at the GB may play a much greater role in the order parameter suppression at GBs in 122 than in the two-band superconductor MgB 2 in which weak interband coupling and interband impurity scattering are consistent with the lack of weak link behavior of GBs. Current blocking GBs in the pnictides may also result from strong shear strains near GB dislocation cores, which distort the local angle between Fe-As bonds from its optimal value at which T c is maximum. 25, 26 Any or all of these effects may suppress superconductivity in the channels between dislocations in lowangle GBs. Another common mechanism results from the generic phase diagram of cuprates and pnictides, which contains the ubiquitous superconducting "dome" around optimal doping. As in the cuprates, local compositional variations, strain, and charging effects on the GB may depress the order parameter as the superconducting state moves away from optimal doping toward the competing parent antiferromagnetic phase. Also charging effects at dislocation cores, which control superconductivity suppression at GBs, are greatly amplified by the long Thomas-Fermi screening length Ϸ in the low carrier density pnictides and cuprates. 21 Our results suggest that understanding the potential for local overdoping of GBs to ameliorate GB current blocking effects in pnictides will likely be as important as in cuprates. Since the qualitative mechanisms of GB weak-link behavior discussed above may be insensitive to details of their pairing scenarios and superconducting order parameter symmetry, conditions favorable for weak-linked GBs may be present in any high-T c superconductor with competing orders, short coherence length and low carrier density.
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